A possible m ode of p ro p ag atio n of the ' slow ' or tail com ponent in atm ospherics
. I n t r o d u c t io n
Oscillograms of atmospherics show three distinct phases (a) a leader process, (6) an 'oscillatory' component and (c) a 'slow' component. (Appleton & Chapman 1937; Watson-Watt, Herd & Lutkin 1937.) In night atmospherics the oscillatory component takes the form of a series of pulses (Schonland, Elder, Hodges, Phillips & van Wyk 1940, figure 1, p. 185) , and it has been shown ( . cit.) that, as was origin ally suggested by Laby et al. (1937) , these pulses represent reflexions from an ionospheric layer at a height of approximately 90 km.
For daylight atmospherics the pulses merge and the atmospheric appears as a damped wave train of gradually increasing wave-length (see figure 1 ). Nevertheless the spacing of the waves conforms to the formula given by Laby for ionospheric reflexions from a layer at a height of about 60 km. (Schonland et al. 1940, p. 202) . m sec. The slow component does not fit into this picture and Dr Schonland suggested to me in 1939 th at it was possible th at the slow component was propagated as a surface wave. I t is the purpose of this paper to discuss this suggestion.
[ 60 ]
The observational material used in the discussion of the oscillatory component in §4 consisted of oscillograms of daylight atmospherics recorded by Schonland and his associates. The distances were determined from direction finder (D.F.) observations at Johannesburg and Durban. Comparatively few records of the slow component were obtained, possibly because the amplifiers were not effective at the frequencies of 100 to 500 cycles characteristic of this component. For the slow component reference must be made to the paper by W atson -W att et al. (i937) . (References to the figures of this paper will be prefixed by W., e.g. W. figure 1.) For the discussion in § 6, a knowledge of the velocity-frequency relation is desirable. This is not directly available but W. figure 10 gives (a) the duration of the first half-cycle, and (6) the interval between the times of arrival of the oscillatory and slow components, plotted against distance. These two curves are reproduced as figure 2 of the present paper. In addition W. figure 7, reproduced (with some additions) as figure 3, gives a scatter diagram, of the interval between the times of arrival plotted against distance. 
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These figures will be discussed in greater detail in § 6. For the present it may be noted that the length of the first half-cycle varies from about 1 *5 to 6 msec., and that, assuming that the onset of the oscillatory component travels with the velocity of light, the velocity of the slow component, estimated from the observations at 4000 km., ranges from c/1* 1 to c/l*3. 3. General theory Watson (1918) has given a complete solution of the problem of the propagation of electromagnetic waves between two media, either perfectly conducting, or with finite conductivity. This solution is more general than, and should include, those given below. Before this reference was found, however, the surface wave solutions given here had been set up and it is thought th at they are more convenient than the general solution for the calculation of group velocities.
In Gaussian units the Maxwellian equations are [3] [4] ji will be taken to be unity for the earth, atmosphere, and ionosphere. The effect of the curvature of the earth will be neglected and the direction of propagation taken as the axis of x, the z axis being vertical. The solutions sought are such th at the amplitude decreases exponentially with distance from the interface in the earth and ionosphere, and is a sine or cosine function of z in the atmosphere. In general there are two independent solutions of this type, namely (a factor eiwt-xlv) has been omitted throughout):
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Elx = .41sin,s1z +.Bj cos^z,
H%x -9,
where p 2 has been written for e -4 ma/aj,and the suffixes to the earth, atmosphere and ionosphere. subject to the condition (3-13). The boundary conditions are th at the tangential components of electric and magnetic force are continuous. These conditions lead to the equations of consistency. where h is the height of the ionosphere.
Equations (3-20), (3-7), (3-10) and (3-13) can be solved to find v in terms of w. In general the solutions must be carried out numerically and thus it is desirable to express the equations in forms which do not involve h explicitly. In addition for the atmosphere will be put equal to 1.
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(3-7), (3-10) and (3-13) become a § = 1 ~p I -cl\, (3-24)
and (3-20), (3-21) tan --(3-27) ta n «i a x(a0 + a 2) y af -a 0 a 2 ' (3-28)
. E a r t h a n d i o n o s p h e r e p e r f e c t l y c o n d u c t in g
If the earth and the ionosphere are assumed to be perfectly conducting both (3*27) and (3*28) reduce to (4-1) 7 7
From (3-26)
The group velocity, u, is then given by
A formula equivalent to (4-3) was derived by Haubert (1946) . In figure 4 , (c/u-1) is plotted against y for the fundamental mode, = 1.
The solution fails for nny > 1, i.e.
or taking h -75 km., n = 1, r > 0-5 msec. This solution therefore d the range of periods of the slow components. The periods are those of the oscillatory component and the calculated frequency-group velocity relationship was therefore compared with that observed in daylight atmospherics.
For the comparison a group of six atmospherics occurring at 12.00 hr. on 10 June 1939 was selected. The D.F. distance was 1200 km.
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Let t0 be the time of arrival of the first disturbance from an atmospheric originating at distance s at time t = 0, and let t be the time of arrival of a w travelling with group velocity u, then s r 1-(4-4> assuming that the first disturbance travelled with the velocity of light. Measurements were made of the time interval between the first departure from the central line and each later crossing. Let this interval be tn. I t was assumed th at the wave of period r = tn+1 -tn_x had arrived at time t = *n+1 *- ci/s was then plotted against r in figure 5 . The curve of th at figure is th at obtained by calculation from (4*3) and (4-4), taking s = 1200km., h = 75km. The curve fits the observations reasonably well, but it should be remarked that the corresponding curve for s = 600, h = 57-5 km. fits just as well. As stated in § 1, Schonland and his associates had found that the spacing of the waves in daylight atmospherics conformed to the Laby formula for reflexions from an ionospheric layer at a height of about 60 km. This raises the question of the relationship between the two modes of approach.
Consider a record consisting of a series of pulses as shown in figure 6. Laby s formula (the notation has been changed slightly) is R being the radius of the earth.
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n n_ _ _ _ _ (4*8) and (4-9) differ only by the small quantities h/R (which arises because of the curvature of the earth and was neglected in the present development) and h2/s2. Both these terms are small and it is not practicable to discriminate between (4-8) and (4*9) on the present observations. The discussion has, however, shown that, in the case of perfect conductors, there is no solution corresponding even remotely to the slow component.
Layers of f in it e conductivity-solutions
CORRESPONDING TO THOSE OF §4
4c7Tl(T In general p 2 = e -------. It will now be assumed th at cr is sufficiently large so that 47
Tcr/(
v-~4 nicr 4nicrhy
0) c and 1/p2 and higher powers may be neglected. W ith these assumptions (3-27) and cc-t (3-28) reduce respectively to tan - Since cl and v are now complex it is convenient to write so. that where Solutions of (3-27) and (3-28) corresponding to those already found for perfect con ductors can be found numerically, using the perfect conductor solution = I {a) = 0 as a starting point, u and a are plotted against y in figure 4 for = 0-04.
The curves for horizontal polarization do not differ very greatly from those for perfect conductors. For vertical polarization the attenuation is much greater than for horizontal polarization and the curves begin at finite values of
L a y e r s o f f i n i t e c o n d u c t iv i t y -t h e s l o w c o m p o n e n t
It has been established that in the case of perfect conductors the only solutions relate to the oscillatory component. The corresponding solutions for finite con ductivity were discussed in the preceding section. It remains to be seen whether there is a solution of (5-1) or (5-2) which has no counterpart in the perfect conductor case.
Assuming th at clxj y is small it is easily found from ( 5 T ) (vertical polari that, to a first approximation,
There is no corresponding solution of (5-2) (horizontal polarization). Values of u and a calculated from the value of a x given in (6-1) are plotted against y and r {h = 60 km.) in figure 7 . The periods are of the right order of magnitude for the slow component. Watson-Watt et al. remark (1937, p. 280 ) that near the source the slow component starts before the oscillatory component, there being considerable variation in the interval between the starting times. In figure 2 the mean interval is shown as 0* 5 msec, and this interval has been used in deriving the velocities of table 1. Since the present discussion is concerned only with the mode of propagation and velocities, the signi ficance of the difference in starting times with respect to the physical conditions governing the development of the slow and oscillatory components at the source will not be discussed here.
The figures in table 1 were derived from figure 2. The table gives (1) the distance, (2) the time interval between the oscillatory and slow components, (3) the value of clu ~ 1 calculated on the assumption that the first onset of the oscillatory component travelled with velocity c, (4) the quasi period of the slow component, (5) the value of y calculated from (4) with h = 60 km., (6) the values of k found by interpolation, or extrapolation from the curves of figure 7, (7) the values of cr2 calculated from (5*3) (<r0 has been taken as infinite). Where values of and cr2 have not been given it is because the values of c/ u -1 lie so far outside the range of figure 7 polation would be unreliable. It is clear, however, that these points correspond to considerably lower values of cr2. The bias of the observations to larger values of k at short distances is consistent with the proposed mode of propagation since, as k increases, so also does the attenua tion, and therefore it is to be expected that points corresponding to large values of k should only be found at limited distances from the source.
The same type of conclusion can be drawn from figure 3. The curves in th at figure are drawn for c/u-1 = 0-075, 0-125 and 0-25 with arbitrary zeroes. I t will be seen that the most usual value of c/u-1 for the larger distances is in the neighbourhood of 0-125 and that a large proportion of the observations can be included between curves for cju -1 = 0-075 and 0-25. Taking r = 10 msec., corresponding to distances of 2000 to 5000km., <x2 lies between 1*7 x 103 and 18 x 103e.s.u. Once again a con siderable number of points at the shorter distances correspond to larger values of c/u, larger values of k, and smaller values of <r2. 2-01 0-12 9-9 7-9 0*24 6*9
The order of magnitude found for <r2 is much lower than th at given by Appleton (1935) for the ionosphere. This is consistent, as Appleton's discussion referred to layers effective at much higher frequencies than those under discussion here. The values of cr2 depend on the choice of h. This choice was to some extent arbitrary since the only relevant information is that the reflexion formula applied to daylight atmospherics gives an effective height of 60 km. Any permissible change in h (say to 90 km.) would not, however, affect the order of magnitude for cr2.
Another point which may be noted in favour of the proposed explanation is th at owing to the rapid increase in the value of a below 1 there is no question of the higher frequencies of the oscillatory component being propagated in this mode.
Qualitatively therefore the proposed mode of propagation does fit the observed facts.
My thanks are due to Dr B. F. J. Schonland, F.R.S., for suggesting this problem and for much helpful discussion.
